To advance our understanding of an association between exposure to power frequency magnetic fields (MFs) and the risk of childhood leukemia, we should conduct a study that is convincingly free of selection and response bias, with highly accurate exposure assessment and a large number of highly exposed individuals. Previous measurements revealed that MF in apartments located above internal transformer stations (ITSs) are higher than in other apartments in the same building. An international epidemiologic study of childhood leukemia, TransExpo, was designed to take advantage of this scenario. This article presents the results of an exposure assessment study performed in apartment buildings with ITS in Israel. Measurements were performed in 41 apartments within 10 buildings. Average MF at the height of 0.5 m was 0.40 mT in apartments above the ITS and 0.06-0.12 mT in all other apartments. These results confirm that classification of MF exposure based on apartment location is feasible with remarkable specificity (0.98 and 0.96 for cutoff points of 0.2 and 0.4 mT, respectively) and sensitivity (1.00 for both cutoff points). Because the location of an apartment relative to the ITS can be easily determined, an exposure assessment can reliably be performed without obtaining access to residences.
Introduction
Since 1979, a large amount of epidemiological research has been conducted examining the connection between residential exposure to power frequency magnetic fields (MFs) (50/ 60 Hz, ELF) and cancer in general, and childhood leukemia in particular. Two pooled analyses (Ahlbom et al., 2000; Greenland et al., 2000) summarizing the results of important epidemiological research published up to 2000 pointed to a consistent increase in the risk of developing childhood leukemia in children exposed to residential MF levels above 0.3-0.4 mT (RR approximately 2). In 2002, the International Agency for Research on Cancer (IARC) categorized human exposure to ELF MFs as ''possibly carcinogenic'' (2B). Scientific ambiguity or uncertainty about the nature of the observed association is implied in this classification. A causal relationship between MF and developing childhood leukemia is not the only possible explanation for the observation in the epidemiological research. The non-causal explanation most often mentioned is ''selection bias'', however, evidence to support or dismiss this hypothesis is also limited (Mezei and Kheifets, 2006) . In light of these findings there is wide agreement that the reduction of the scientific uncertainties concerning the association between chronic exposure to power frequency MF and the increase in childhood leukemia is an important objective, requiring new and characteristically different studies than those carried out so far.
In several countries, Israel being among them, some of the distribution transformers are installed in transformer rooms or internal transformer stations (ITSs), located inside residential buildings on the ground floor or in the basement. Occasional measurements performed in the past have revealed that MFs in apartments located above these transformer rooms are significantly higher than those in the other apartments in the same building. To take advantage of this exposure scenario, an international epidemiologic study of childhood leukemia, TransExpo, is proposed. The idea is to design a study that maximizes the selection of highly exposed individuals while minimizing or eliminating the potential for selection bias.
One of the defining features of the proposed study is that exposure assessment could reliably be based on the relative location of the apartments to the transformer rooms in the same building. To verify this assumption, a pilot study is being performed in each participating country, to understand whether and how the levels of exposure in the different apartments in these buildings could be classified according to their location relative to the ITS and perhaps according to its technical characteristics, and to determine the extent of this classification's specificity and sensitivity. Results of such pilot studies have been reported by Ilonen et al. (2008) and Thuro´czy et al. (2008) . A previous survey conducted by Szabo et al. (2007) was the first to characterize the MFs within such buildings. However, these measurements were performed before the initiation of the TransExpo study and based on a different protocol, therefore it is of limited value for this study. This article presents the results of the pilot study in Israel and compares them with those from the two former studies.
Materials and methods
An ITS is a room, with typical area of 15-25 m 2 and height of 2.5-3 m, in which one or more distribution transformers are installed. According to different estimates some 3000 ITSs are found within residential buildings in Israel, usually in the ground floor or basement of buildings. Technical data of the ITSs were collected from the Israeli Electrical Company and reported elsewhere (Hareuveny and Kandel, 2009) . Following is a brief description of the major parameters relevant for the exposure assessment of this study. In general, an ITS is composed of three major componentsFa high voltage (HV) switchgear, a transformer, and a low voltage (LV) switchgear. The HV switchgears are characterized mainly by their type of insulation, namely air or SF6. Air-insulated conductors are installed close to the ceiling due to electric safety of maintenance personnel and to avoid electric breakdown of the conductors. Therefore, the type of switchgear insulation may lead to significant differences in the MF exposure above the ITS. However, as air-insulated switchgears were installed only before 1984 (and the older ones are gradually being upgraded into SF6), SF6 switchgears are more common today (estimated at more than 65%). The transformers themselves can be characterized mainly by their input voltage and rated (nominal) power. The HV input voltage (22 kV in 85% of the cases and 33 or 12.6 kV for the rest of the cases) seems to have minimal impact on the exposure around the transformer. The rated power, which seems to be of greater importance, can be 630 kVA (for 67% of the residential distribution transformers), 400 or 250 kVA (25% and 8%, respectively). For this study, only ITSs with the most common configuration (630, 22 kV, SF6 isolated switchgear) were measured. The actual power consumptions and their seasonal and daily variations are discussed elsewhere (Hareuveny and Kandel, 2009 ).
Besides these three components, the ITSs comprise a few bundles of feeding cables and cables connecting the different components to each other. Contrary to some countries, bus bars are very rarely used in ITSs in Israel, a fact that is expected to lower the exposure around them. From previous measurements we conducted in the vicinity of stand-alone transformer stations, it seems clear that the LV cables are the major contributor to the exposure around and above the ITSs. Originally, the LV cables connecting the transformer to the LV switchgear were placed approximately 0.5 m above the transformer connectors (at least 0.5 m from the ceiling), and the phases were separated from each other. In an effort to minimize MF exposure in apartments above ITS, new configuration (named ''low feed'', LF) was designed. In LF ITSs, the LV cables are placed relatively close to the ground and the different phases are bundled together. Since 2003, all ITSs are installed with LF, and the old ITSs are gradually being upgraded from ''upper feed'' (UF) to LF. It is estimated that already 20-30% of the ITSs in Israel are currently installed with LF. The ''feed type'' (UF/LF) is expected to be the most important parameter determining the MF above the ITS. We have measured both types in this study, but have concentrated on the older UF as it is more relevant to past exposures.
Other parameters that might influence the exposure are the number of transformers within the ITS (usually 1-2, infrequently 3), the room's height (approximately 2.5 m), the grounding system, and finally, the exact location of LV switchgear (usually inside the ITS, rarely outside it) and the other components within the ITS.
Four types of apartments were defined: three of them similar to those defined by our colleagues in Finland and Hungary, that is, the apartment right above the transformer room (AAT), all other apartments on the first floor (FF) F same floor as AAT F and apartments on higher floors (HFs). A fourth type was defined in this study, which is the apartment on the second floor just above the transformer (SAT), namely the apartment just above the AAT. This new category was defined as, based on previous experience, we expected elevated MF to be found in these apartments.
Measurements were performed in 10 buildings, 8 of them with UF ITS and 2 with LF. However, in one of the buildings, the UF was upgraded to LF just after our measurements were performed. The MFs were re-measured for some of the apartments in this building, hence, for some purposes, we considered 11 sets of measurements (8 UF and 3 LF). We assume that this ratio (8:3) roughly represents the ratio between the two feed types (UF/LF) in Israel now.
Most measurements were conducted in the densely populated metropolitan area of Tel Aviv. In each building measurements were performed at the AAT, and usually within three more apartments F two HFs and one FF or SAT. The measurements were conducted according to a predefined protocol: spot measurements were performed at a height of 0.5 m (a representative height for children) at the center of each room (except bathrooms, restrooms, storerooms, and balconies) and 1.4 m diagonally from each of its four corners. All measurement points within a specific apartment were arithmetically averaged to a single value representing the typical exposure of the residents in that apartment. Additional spot measurements were performed at the center of each bed (for parents and children) and just outside the front door of each apartment. This last measurement was chosen as a possible predictor that will enable to predict the average MF inside the apartments without entering them. Another possible predictor is the MF outside the transformer room. Although not required by the protocol, we also measured the MFs at a height of 0, 1, 1.5 m, and at a spacing of 1 m apart, next to all accessible outer walls of the ITS. All results presented herein are those measured at the height of 0.5 m, unless another height is explicitly mentioned. EMDEX II meters (Enertech Consultants, Campbell, CA, USA) were used to measure the MFs. All measurements were performed using the broadband mode (40-800 Hz). According to the predefined protocol, appliances were left at the state they were found (we did not switch them on or turn them off). Most measurements were performed during spring and summer. Owing to practical considerations (availability of residents), all measurements were performed during the evening hours (typically 1700-21.00 hours), which is the time when the load on the transformer is expected to be maximal. A 24 h monitoring was conducted in some of the apartments but will not be discussed here.
Previous studies classified the rooms into three types F kitchen, living room, and bedroom (parents and children). In Hungary, bedrooms were furthermore divided into a ''first bedroom'', which is the one with the higher MFs (usually located just above the transformer) and a ''second bedroom''. Our study follows the basic three-room-type division, but another four-room-type division, unique for Israel, was added F the dwelling shielded space (DSS). A DSS is a room made of massive reinforced concrete. These rooms are planned to serve as a shelter against explosives and chemical warfare, and are often used as a bedroom.
Results
The arithmetic mean was calculated for each room and apartment. Average results for different apartments and feed types are summarized in Table 1 and Figures 1 and 2 . Average MF at AAT is 0.40 mT for UF apartments, 0.14 mT for LF ones, and 0.33 mT for the two feed types combined together. The combined value is determined by the number of buildings measured for each feed type that, as stated before, represents more or less the overall ratio in Israel today (3:8 LF/UF). All other average MFs, regardless of the apartment type or feed type, are in the range 0.06-0.12 mT. Mean MF exposure values were 0.08, 0.12, and 0.07 for FF, SAT, and HF, respectively, in buildings with UF transformers.
The ratio between the average MFs at AAT, FF, and SAT relative to HF, which assume to represent typical unexposed apartments, was approximately 6.0, 1.2, and 1.8, respectively (0.5 m, UF only). The ratio of AAT/HF MFs at measurements heights of 0, 0.5, 1, and 1.5 m ( Table 2 ) was approximately 9.3, 6.0, 4.4, and 3.4, respectively (UF only). As can be seen in Figure 3 , the MFs in FF apartments appear to be similar to those of HF apartments and not to those of AATs, as expected. This figure also shows that MFs in SAT apartments are not only higher than MFs in HF apartments but also remarkably different. Histograms at 1 m show the same pattern as obtained at 0.5 m (data not shown). As buildings with UF represent the exposure scenario most suited for an epidemiologic study, further analysis is limited to these buildings. Average MFs for different room types are presented in Figure 4 . DSSs were found in approximately 60% of the measured apartments, and nearly always used as a bedroom. Therefore, all DSSs were considered twice, first as an independent type and then as a bedroom. Living rooms combined with a kitchen, and dining rooms were excluded from this analysis. The differences between room types are quite small: the presented results relate to a measurement height of 0.5 m, but a similar trend exists for all other heights measured. It is interesting to note that for non-HF apartment, MFs are highest at the DSS. Measurements performed above the ceiling of stand-alone transformer rooms (to be published elsewhere) showed that the high MFs are generally limited to a relatively small area. On the basis of these results, we also calculated the average MFs for the room with the highest MFs at each apartment and found them to be 0.98, 0.16, 0.16, and 0.1 mT for AAT, FF, SAT, and HF, respectively. Excluding these rooms from the apartments reduced the average MFs of the four apartment types by 37%, 22%, 9%, and 12% to 0.25, 0.063, 0.11, and 0.059 mT ( Figure 5 ). This tendency is true for all measured heights. Note that even when the highest room is excluded, the levels are substantially higher in AAT apartments.
A strong dependence of MFs on measurement height was found only for AAT. A small dependence was found for SAT and FF and no dependence for HF apartments (Figure 6 ). Standard deviations are of the order of 45-60%. Again, fields in AAT are consistently higher.
The ratio between the average MF on beds and the average MF for the same apartment at height of 0.5 m was calculated. The average ratio was 0.93±0.39 without noticeable differences between the four apartment types. Thus, it can be concluded that measurements performed according to the predefined protocol represent quite accurately the MFs at the beds.
The average front door MFs for AAT were 0.16, 0.11, 0.10, 0.10 mT at heights of 0, 0.5, 1, and 1.5 m, respectively. The average front door MFs for all other apartment types and heights were limited within a narrow range of 0.07-0.10 mT. A more detailed analysis supports the conclusion that front door MFs are fairly independent of the apartment type and the MFs inside it, hence they cannot be used as a predictor of the exposure within the apartment. Also, no apparent correlation was found between the MFs around the ITS and the average MFs at the AAT above it. The average ratio of the MFs at the corners of the room to those measured at its center was 1.13-1.21 for HF apartments (this range refers to the four heights), 1.22-1.31 for FF apartments, 0.96-1.15 for SAT apartments, and 0.80-1.01 for the AAT apartments. The standard deviations were within 45-70% for all the cases. We found no association between the average MFs at HF apartments (at the third floor and above) and the floor number. However, due to the small sample size this conclusion is limited.
In some cases we noted and documented that the MF at a specific point is markedly influenced by a nearby appliance (appliances were not turned off or disconnected). Excluding these points (98 out of 1180 measurement points) reduced the average MFs of AAT, FF, SAT, and HF apartments by 3%, 7%, 4%, and 14%, respectively (for both feed types at 0.5 m. A similar trend can be seen for the other measurement heights as well). This, however, has no major effects on our main results and further confirms that classification based on distance from the ITS is feasible.
The MFs measured in Israel are lower than those found in Finland (all herein results from Finland are the estimated 24 h time weighted averages), and much lower than those measured in Hungary (Table 1 ). The most reasonable sources for this dissimilarity are the differences in LV wiring (location and type) and the apartment(s) size, that is, in Israel LV cables are located at least 0.5 m from the ceiling, whereas in Hungary bus bars are positioned 0.2 m from it. In addition, the average number of rooms of the apartments measured in Israel was 4.4 relative to 2.3 in Hungary (kitchen not included). As we previously showed, the MFs are concentrated at a limited area above the ITS, hence the apartment size (and the number of transformers within the ITS) might be of a great importance in determining the average exposure. Other possible sources for differences are the actual power consumption, measurement hour, and season.
Specificity and sensitivity values for two exposure cutoff points were calculated. A 0.4 mTcutoff point was chosen as this level was suggested as a possible threshold by Ahlbom et al. (2000) and others, together with a twofold lower value (0.2 mT). Contrary to the previous studies, we had no apartments with average MF exceeding 0.8 mT (see Table 3 ). It is interesting to note that average MFs at AATs in the UF buildings were all above 0.14 mT, whereas average MFs at the other apartments were all below this value. Hence, a cutoff point of 0.14 mT yields both sensitivity and specificity of exactly 1. The ratio between the number of AATs and HFs has a major role in this calculation; the ratio in Israel was considered to be 1:16 for UF and 1:16.4 for both feed types combined together, values which approximately represent the average ratio in the buildings measured in this study. In Finland the ratio was reported to be 1:14. Thuro´czy et al. (2008) did not report specificities and sensitivities. However, based on their reported data and an AAT/HF ratio of 1:38 (G Thuroczy and J Bakos, personal communication, September 2009) we could calculate theses values. Results are summarized in Table 4 .
Discussion
Our results clearly show that AATs located above UF ITSs can be definitely classified as ''highly exposed'' relative to all other apartments located in the same buildings. MFs at AATs above LF ITSs are only slightly higher than those at the other apartments and thus cannot be reliably considered as ''highly exposed''.
The findings of our study suggest that future studies should classify the apartments into at least four types. In particular, our study results show that exposures at SAT are somewhat higher than those at HF for all measurement heights; the Finnish and the Hungarian studies did not distinguish between these two types. MFs of FF apartments are comparable to those found in HF for all measurement heights, therefore they might be classified as unexposed. Thus, they can be used as a control group due to similar socioeconomic status (SES) of the population of those floors (the SES in Israel is generally related to the floor level of the apartment). These results are similar to those reported by Thuro´czy et al. (2008) , but differ from those of Ilonen et al. (2008) , where MFs of FF are higher than those of the HF.
To improve the reliability of the exposure classification system, we attempted to identify parameters that can be used to predict the MFs inside the apartments without entering them. We found that front door MFs cannot be used as such predictor, as also reported by Thuro´czy et al. (2008) .
Moreover MFs around the ITS were found to have no correlation with any indoor MF, but this conclusion should yet be verified. Electric currents in the LV bus bars were found by Thuro´czy et al. (2008) to be in good correlation with the MFs just above them, but we could not access the corresponding LV cables.
Appliances, room type, and the exact location of measurement points (corner/center) are of secondary importance in determining the average MF. Measurement height has no impact on the results at HF apartments, but is of importance at AATs. For all apartment types, MFs measured at 0.5 m represent quite well the correlated fields at beds. We also suggest that the relative uniformity of MFs over space at non-AATs, and the minor influence of nearby appliances on the average exposure in these apartments, somewhat supports a hypothesis that in the absence of major external sources, the major origin of indoor MFs exposure is net currents within the electric wiring or the surrounding construction materials (Swanson, 1996; Cook et al., 1997; Maslanyj et al., 2007) .
To summarize, our study results confirm the assumption that a simple classification of exposure into ''high''/''low'' MF, based on whether an apartment is located above an ITS is feasible with remarkable sensitivity and specificity. Because the location of an apartment relative to the ITS can easily be identified, this approach can reliably be used for exposure assessment in an epidemiologic study without obtaining access to the residences. Overall, the results of our study are in good agreement with those reported by Ilonen et al. (2008) and Thuro´czy et al. (2008) . Dissimilarities in the MF exposure among different countries should be considered in any future research and emphasis should be given to the necessity of a comprehensive technical characterization of the ITSs before conducting any exposure assessment study. These dissimilarities might also be of great interest for those who are dealing with reducing MF exposure.
